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Abstract 
The efficient and economic allocation of resources is one main goal in the field of production planning and control. Therefore, Enterprise 
Resource Planning Systems (ERP-Systems) are used to support the production planning process. These systems strongly focus on dates, 
inventory and capacities. Due to the German exit from nuclear and fossil-fuel energy, a new variable gains in importance throughout all areas 
of production: Energy. As a reaction, energy and power demands of the manufacturing systems are more and more monitored within the 
factories in order to enable energy-efficient operations. The energy supply of a factory is currently not recognized in the planning process. This 
paper provides a systematic approach to integrate energy supply information to the production planning process on the basis of ERP-Systems. 
This will be discussed by combining the idea of energy-efficiency and energy-flexibility as well as the alternatives of a factory's internal and 
external energy supply. 
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1. Introduction 
Over the last decades, the production planning process of 
factories had to take more and more additional production 
factors into consideration. In the past, production factors like 
work force, machine capacity and material were focused [1] 
on meeting the main production goals, namely time, cost and 
quality [2]. Due to the changes in the energy market, the 
resource energy has developed steadily from an unlimited 
resource to an indispensable production factor.  
A reason for this development is the continuously 
increasing worldwide demand and thus rising energy costs for 
industrial facilities [3]. Apart from fossil fuel reserves being 
limited, another reason for rising energy costs can be 
identified, which is induced by political changes regarding 
power generation. The energy turnaround in Germany for 
example resulted in large investments and the expansion of 
alternative energies, supply infrastructure and grid stability. 
These are the main drivers among others and result in 
annually peaking utility bills for the industrial sector [4]. 
Today, the challenges of the energy grid are taken into 
account by the utility companies by designing new energy-
contracts that encourage production sites to adapt their energy 
consumption [5]. 
Besides the energy market, the customer perception 
towards “green companies” has gained importance [6,7]. As a 
result, factories aim to minimize their environmental impact 
within the boundaries of an economically feasible solution, 
especially in their operations [8]. An example of the current 
energy usage in manufacturing is the power utilization of the 
metal machining industry. Production resources and 
equipment with a direct linkage to the production process 
require 66% to 87% of the factory’s overall power needs in 
this industry [9]. Therefore, the resource energy needs to be 
addressed in the production planning process in order to 
enable factories being adaptive towards volatile energy 
supply. 
Nowadays, energy can be seen as a crucial success factor 
in production. For this reason, companies need to find a 
flexible and cost-efficient way to interact with this new 
parameter in their operations. By implementing the idea of 
energy flexibility, factories gain the ability to adapt 
themselves to changes in market environment with little 
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penalty in time, effort, cost and performance by aligning their 
demand to a given scenario [5,10,11]. 
This paper provides an approach to integrate energy 
parameters in a factory’s planning systems. Within this 
approach, the application of computer-based planning systems 
are assessed and adapted for the idea of energy flexibility. 
2. Production planning and energy-orientation 
The production planning and control of a factory is usually 
supported by computer-based systems. These systems ensure 
an effective and efficient production process by the use of 
their planning tasks with a strong focus on dates, capacities 
and quantities [12]. In addition to the planning tasks, the 
systems are responsible for data storage, handling and 
communication throughout the computer-based systems and 
subsystems of the factory’s operations [12]. Within the field 
of manufacturing, the following computer-based systems can 
be distinguished [12]: 
• Supply Chain Management Systems (SCM) 
• Enterprise Resource Planning Systems (ERP) 
• Manufacturing Execution Systems (MES) 
• Production Data Acquisition (PDA) 
Figure 1 provides an overview of the different systems as well 
as the transfer of planning information and production 
information.  
 
 
Fig. 1. Computer based systems in production planning [12] 
The tasks of a SCM are only indirectly linked to the 
factory’s operations. The operations of a factory are planned 
by the ERP. This system aims at allocating the available 
resources to the given orders. The typical planning process 
includes several steps. Starting from program planning, the 
ERP system plans the operations sequentially from gross to 
detailed planning. This includes planning of material 
requirements, capacity planning and finally the job release 
[12]. In each step more information is added to the planning 
task in order to ensure an efficient planning process.  
The more information is added to the production planning 
task, the more complex it is to find a cost-optimal and feasible 
solution. Therefore, MES are used to extend the capabilities 
of the ERP in the context of production activities [12]. In that 
way, a detailed planning with automatic or semi-automatic 
scheduling optimization, monitoring and controlling 
throughout a short term production period can be realized 
[12]. Table 1 summarizes all tasks, which can be found in 
computer-based planning systems. 
Table 1. Overview of planning tasks, objects and horizons [13,14] 
Planning task  Planning Objects Planning horizon 
Gross planning Production quantities 6 to 12 month 
Program planning Primary demand 6 to 12 month 
Material requirements Material demand 1 to 6 month 
Capacity planning Order queue 1 to 6 weeks 
Order release Production job 1 to 3 days 
 
As a technical basis for all production data, the PDA 
generates the production information needed for controlling 
and planning purposes. The data acquisition is executed either 
automated through a direct linkage of the programmable logic 
controllers (PLC) of the machines or manually by the work 
staff through human machine interfaces (HMI). Examples for 
PDA elements are produced parts, cycle times, inventory etc., 
mainly used for the production control within the MES.ai In 
addition, the generated data is used in the ERP for planning 
process [15]. 
Currently, the production factor energy is not represented 
in these systems. Apart from computer-based systems, energy 
efficiency in production planning has been researched for 
more than a decade, starting with Bullinger et al. [16], who 
formulated an ecological-orientated operations management. 
With a strong focus on Energy-Key-Performance-Indicators, 
Bonneschky [17] has developed a modified production 
planning and control system. Using adapted planning 
algorithms, Junge [18] has compared an energy-efficient 
scheduling method with conventional planning procedures. 
Another scheduling approach for parallel identical machines 
has been implemented by Rager [19] in order to reduce 
energy costs and emissions. In her work, Pechmann [20] 
developed a production planning and control system with the 
aim of reducing the amount of energy being used by the 
machines.  
All given approaches have in common that they achieve 
energy efficiency by the reduction of the overall power 
demand or by avoiding expensive power peaks. In contrast to 
energy efficiency and peak load management, energy 
flexibility aims for an adaption during the day or production 
period according to variable energy prices on the energy 
market or the availability of on-site generation possibilities. 
Trying to answer how to operate with overall energy 
availability and volatile energy costs, recent publications 
focus especially on machine scheduling and simulation [8, 
21].  
As a final planning step, the machine scheduling matches 
the given jobs with the available resources within the capacity 
planning. Flexibility in this process can only be obtained by 
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buffers or unused capacities, e.g. idle times. This can result in 
inefficiencies, because the pre-defined lot size of a production 
job is not taken into consideration for optimization. Therefore, 
production planning systems have to be enabled to generate 
energy-cost-efficient production plans in all production 
planning steps. A flexible and energy-cost-efficient planning, 
supported by ERP and MES, has a high potential to align the 
new factor energy to the overall production goals time, cost 
and quality. 
3. Energy demand in ERP Systems 
In a first step, the energy demand of a production needs to 
be formulated and integrated into the ERP data scheme.  
3.1. Concept 
Weinert [22] introduced the concept of Energy-Blocks in 
his work by combining high resolution power measurements 
and the operational machine state information. With his 
method, future power needs of production jobs on specific 
machines can be forecasted by a simulation. This approach 
can be used to describe the energy needs of a factory in the 
ERP system, because the ERP already contains specific 
product, process and machine information. This information 
can be enriched by energy data.  
3.2. Data provision 
In order to integrate energy information into the ERP, the 
power demand function needs to be simplified. As planning 
systems operate with a lower timely resolution than the 
energy measurements, the arithmetic mean of a machine’s 
operational state can be seen as sufficient. Fig. 2 shows a 
measurement on a milling cutter with two different average 
power demands. At first, a 30 second interval power 
measurement was performed in order to collect data from 
different machine states and different production jobs. After 
joining energy data, operational data and job data, a 5-minute 
and a 15-minute mean were integrated. As the figure shows, 
the integration of one 15-minute average converges towards 
the arithmetic mean. Therefore, the production states of a 
machine in the ERP System are sufficiently described by the 
arithmetic mean of the energy demand. 
 
 
Fig. 2. Operational states and energy parameters  
The gained information from the energy measurements can 
now be integrated to the ERP planning scheme. 
3.3. Integration 
The ERP holds two different documents which are used for 
the gross and detailed planning. For the gross planning the bill 
of materials is used to generate cumulative material demands 
over all planned jobs within one production period. By 
integrating the average energy demand of a job into the bill of 
materials, the planning of material requirements is able to 
estimate a cumulative energy demand of the factory within a 
period. 
The detailed planning requires higher resolution of data, 
e.g. on a 15-minute basis. Therefore, the work plan of a 
product is enriched with energy information. Within the work 
plan, a change from the average energy demand to 15-minute 
average power demand is necessary in order to generate a 
power demand forecast for each machine and production 
period. This can be implemented by the integration of the 
average power demand per machine state and capacity 
description of the machine state. Each state, e.g. drilling iron, 
drilling steel, waiting, stand-by, is already part of the ERP 
document operations step and includes the planned cycle time 
information. Now, the operation steps can be enriched by the 
average power demand as additional capacity information. An 
average energy demand per work sequence can be formulated 
by using the power demand capacity information and the 
cycle time. Each product can have alternative work sequences 
with different energy demands, depending on the required 
resources. The work plan contains all possible work 
sequences and the tasks to be performed to produce a product.  
Figure 3 shows a simplified data model for a gross and a 
detailed production planning. As a basis, a product order can 
be divided into the gross planning with the bill of materials 
and the detailed planning with work plan, work sequences, 
operation steps and resources. Dark colored objects in the 
extended data model are enriched by new energy-related 
information to be used in the planning process. 
 
 
Fig. 3. Simplified data model for energy-orientation in ERP systems 
4. Energy supply in ERP Systems  
In a second step, the energy supply alternatives of a factory 
need to be formulated and integrated into the ERP data 
scheme. 
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4.1. Concept 
Currently, energy supply is not represented in concepts for 
production planning. Technically, the power supply of a 
factory can be divided into internal on-site generation and the 
external supply via the public grid. Both internal and external 
supplies have their own characteristics, time horizons and 
effects on the energy capacity. 
At first, the various external supply possibilities of 
electrical energy are examined. Through utility companies, a 
factory can choose between diverse supply models. Starting 
from simple power contracts with energy rates and demand 
rates up to real-time spot market pricing, the variety of supply 
models is manifold [23]. Factories with a small or medium 
power demand depend on the contract offers of the utility 
companies, but due to the integration of the renewable 
energies new variable pricing contract offers appear. For the 
production planning process the energy market, e.g. in 
Germany the eex-spot-market, is the most complex alternative 
to integrate. The energy market will serve as an example in 
the following. It can be divided into a future market and a spot 
market. The future and spot market offer the possibility to 
purchase or sell medium- and short-term energy supply. This 
can take place either in set blocks, namely base and peak, or 
in hourly blocks. In conclusion, the energy market, on the one 
hand, can be seen as very short-term and volatile, especially 
the spot-market. On the other hand, the future market can be 
seen as highly projectable and stable. Table 1 summarizes the 
different energy markets and their relation to the production 
planning process. Crucial aspects of the energy markets are 
the time horizon, the prices and the influence on the given 
energy capacity.Table 2 characterizes the different energy 
supply alternatives of a factory. 
Table 2.  Energy supply alternatives  
Type Time horizon Price level / 
generation costs 
Influence on 
capacity 
Future market 
Up to one 
month ahead 
Daily-basis 
Transaction based 
increase / decrease 
Spot market 
Up to one hour 
ahead 
Hourly-basis 
Transaction based 
increase / decrease 
Continuous 
power stations  
Medium- and 
short-term 
Generation-based 
Increase / 
Decrease within 
technical limits 
Fluctuating  
power stations 
Short-term 
forecast 
Non generation-
based 
Increase / 
Decrease once 
forecast available  
 
Apart from using public supply, a factory can as well 
generate energy on-site. The internal supply can be divided 
into conventional generation, e.g. with gas-turbines, and in 
fluctuating generation, e.g. with solar-power. Conventional 
generation is highly projectable and therefore suitable for the 
gross planning and detailed planning, because of the known 
technical limits. With this kind of generation, it is possible to 
shift capacities within these given limits in order to enable 
energy flexibility. In contrast to conventional generation, 
fluctuating generation cannot be integrated into the gross 
planning. This is due to the fact that the generation of energy 
is not guaranteed and can only be assumed by forecasts. These 
forecasts are only available for a short timeframe. Therefore, 
the projected power amount can only be integrated into the 
planning process on short notice. 
4.2. Data provision 
Information on the external supply is added, by using the 
eex market information with an interface or by integrating the 
energy contract information to the ERP system. Concerning 
the energy market, the ERP system can be provided with the 
current market price and an option of ordering a specific 
amount of energy for a defined timeframe. Energy contract 
information includes energy or power limits, energy costs per 
usage and the contractual timeframe.  
The internal energy supply is represented by the technical 
conditions of the conventional power generation and the 
forecast of the fluctuating power plants. Therefore, the ERP 
system holds the required information by adding the plants as 
equipment to the factory system. The data of the fluctuating 
generation is added to the system by an interface which 
updates the disposable energy short term.  
4.3. Integration 
The ERP contains all information about the material in its 
storage management. To integrate energy values, the material 
master file of the ERP has to be adapted. The new material 
energy is now represented as inventory and pipeline material, 
which means that a separate provision is not necessary and the 
material is available at all times. The energy inventory of 
external sources is updated, if new contract information is 
available or a purchase on the energy future market has been 
made. The energy inventory of internal sources is set on an 
average generation with a cost-optimal operation. The 
fluctuating power plants are deposited in the inventory with 
an average generation value. This means that the continuous 
and the fluctuating power plants are integrated on an average 
basis for the gross planning processes in the ERP. 
For detailed planning, the updated information of the 
external energy supply, here the eex spot market, and the 
internal supply, here fluctuating generation forecast, are added 
to the ERP System through the interfaces. Hereby, the energy 
supply or the production processes can be adapted on short 
notice. 
5. Implementation  
Finally with all data integrated in the ERP System, a gross 
and detailed planning process can be performed.  
As a basis 13 different machines of a real production were 
monitored by mobile energy measurement equipment. The 
measurement interval was set on 30 seconds over a timeframe 
of 18 days. Each machine state was recorded by the PDA and 
joined to the energy data to gain knowledge about the specific 
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energy demands of the operational states. Besides the standard 
operational states, job specific operational states were defined. 
The difference of the product specific operation demands was 
up to 40% on single machines (see appendix). With this 
information, the ERP, MES or a simulation tool is enabled to 
optimize the given production and energy supply scenario. 
In the next step an ERP system was set up as a prototype. 
In this case, an SAP System was used and adapted. In the 
SAP planning process a mid-term and a short-term energy 
planning module was integrated in order to differentiate 
between gross and detailed planning as well as the different 
time horizons of energy provision. 
Figure 4 illustrates the integration of the mid-term and 
short term planning module into the production planning 
process of an ERP system.  
 
 
Fig. 4. Energy-orientation in production planning  
5.1. Mid-term module 
The task of the mid-term module is to prepare and 
visualize the disposable energy for a production period, e.g. 
one month. In combination with the production jobs and the 
energy demand information of the bill of materials, the mid-
term module generates a visualization of energy demand. 
Figure 5 provides a screen shot of a commercial ERP-System 
which contains aggregated information of the energy demand 
and the available energy capacity of a factory within different 
planning periods.  
 
 
Fig. 5: Visualization of energy demand and capacity within SAP SOP 
By accumulating the supply information, the mid-term 
module can stress lacks or excesses in energy inventory 
within the production period. A manual adaption can be made 
by the production planner. 
5.2. Short-term module 
The task of the short-term module is to join and visualize 
the information on both the energy supply and demand for a 
production day. Therefore, the spot market and the fluctuating 
generation information are added to the energy inventory. The 
energy demands are now represented as 15-minute average 
power demand by accumulating all machine demands in a 
Gantt-chart, which combines all required capacities to 
manufacture a product, e.g. machine capacity, human capacity 
and energy capacity. This information is used to visualize the 
current status quo and provide the production planner with 
possible alternatives to save costs. Figure 6 shows the 
modified Gantt-chart containing three jobs with the new 
capacity “energy” and Figure 7 shows the power usage of the 
factory with several jobs running. The dotted line represents a 
shift in the production start by 90 minutes and an overall 
saving of 5% in energy costs.  
 
 
Fig. 6. Adapted Gantt-chart with energy capacity demand information  
 
Fig. 7. Visualization of power demand, energy price and cost saving potential 
Right now, the system operates on a visualization basis. 
Adaptions are made by the production planner manually. For 
semi-automated or automated scheduling optimization, new 
algorithms need to be developed to solve the optimization 
problem among the different capacity restrictions. 
Program planning
Material requirements 
planning 
Capacity planning 
Order release
Mid-term 
energy module
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6. Conclusion  
The provided work illustrates that ERP-systems can be 
enhanced by energy parameters for production planning 
purposes. With a differentiation between demand and supply 
as well as gross and detailed planning, a production planning 
process can be executed with available ERP-systems and 
concepts. These systems and concepts need to be adapted in 
order to generate reliable plans. The effort compared to a 
conventional ERP implementation or customizing is assumed 
by 8% to 15%, due to the fact that existing structures are used. 
An automated scheduling optimization for the detailed 
planning can be performed with the added ERP energy data, 
but has to be examined in future work. 
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Appendix 
 
Appendix 1. Power demand comparison of different production jobs on one single milling machine as a basis for ERP planning  
